Abstract: Among the most exciting recent developments in structural biology is the structure determination of G-protein-coupled receptors (GPCRs), which comprise the largest class of membrane proteins in mammalian cells and have enormous importance for disease and drug development. The GPCR structures are perhaps the most visible examples of a nascent revolution in membrane protein structure determination. Like other major milestones in science, however, such as the sequencing of the human genome, these achievements were built on a hidden foundation of technological developments. Here, we describe some of the methods that are fueling the membrane protein structure revolution and have enabled the determination of the current GPCR structures, along with new techniques that may lead to future structures.
Introduction
Membrane protein structural biology is in the midst of a fledgling revolution reflected in the 180 solved membrane protein structures as of 2008-a number that is increasing exponentially (http://blanco. biomol.uci.edu/Membrane_Proteins_xtal.html). 1 We now have more detailed views of remarkable molecular feats such as how a protein gets across the membrane, [2] [3] [4] how a channel moves water with nary a proton escaping, 5 and how a potassium ion passes across a membrane with amazing efficiency and selectivity 6, 7 ;
to name just a few of the accomplishments in the past decade. Among the most important recent achievements is the determination of now four G-proteincoupled receptor (GPCR) structures. The first breakthrough was the structure of rhodopsin in 2000, 8 followed 8 years later by opsin, our best model for the activated form of a GPCR. 9, 10 We had to wait until 2007 to see the first structure of a ligand-activated GPCR with the successful structure determination of a b2-adrenergic receptor structure. 11, 12 The b1-adrenergic receptor 13 and an adenosine receptor 14 structure followed in the next year. Many different tricks were used to achieve the stability and conformational homogeneity required for GPCR crystallization including the use of antibody complexes, 12 fusion proteins, 11, 14 tight binding ligands, [10] [11] [12] [13] [14] stabilizing mutants, 13 and special crystallization environments such as the lipid cubic phase 11, 14 and bicelles. 12 The diversity of strategies used illustrates how the membrane protein structure revolution, like the soluble protein structure revolution before it, is being fed not by a transcendent breakthrough, but by the gradual accrual of new techniques that can be deployed where needed. Clearly, membrane protein structure determination is supported by all the developments in crystallography such as microfocus beamlines, sensitive detectors, automation, and a vast array of improved software, to name just a few, but here we focus on some of the tricks used specifically for the GPCR structures and some promising new protein engineering methods that may yield fruit in the future.
Three different crystallization methods were used for GPCR structures
Membrane proteins have evolved to function in a membrane environment, so it is not surprising that they are often not very stable when solubilized in detergents. Membrane proteins that can maintain structural integrity in micelles can be crystallized directly in detergent. As crystallization from detergent is straightforward using standard methods, it is by far the most popular way to crystallize membrane proteins. This method was used for rhodopsin, opsin, and for a stabilized variant of the b1-adrenergic receptor (see latter). It is nevertheless reasonable to assume that a more ideal medium from the membrane protein's perspective is a bilayer. It is also clear that structures can be altered by detergent extraction and by variations in bilayer properties so obtaining structures reflecting conformations in true membranes remains the ultimate goal. Landau and Rosebusch 15 achieved a major conceptual breakthrough by developing a method to crystallize from bilayers using the lipid cubic phase (see Martin Caffrey's comprehensive review 16 ). In the lipid cubic phase, the bilayer is bent and organized into a lattice to make it continuous in three dimensions [ Fig.  1(A) ]. Thus, the formation of protein crystal nuclei can be fed by diffusion of protein from the rest of the lattice. The lipid cubic phase is extremely viscous and hard to manipulate, so special techniques are required to set up trials, but it has clearly proven worthy of the extra effort. The approach yielded the first high-resolution structure of bacteriorhodopsin 17, 18 and has been successfully used on 10 distinct proteins, culminating in one of the b2-adrenergic receptor structures 11 and the adenosine receptor structure. 14 Technology developments, largely from Martin Caffrey's group, were important contributors. In particular, additives were used to swell the lattice and facilitate the diffusion of larger proteins in the lipid mesophase, 19 and a specialized robot was used for crystallization trial setups. 20 Further developments, such as microfluidic devices, will continue contributing to the popularity and success of the method.
To avoid difficulties in working with the viscous lipid cubic phase, we tested whether bicelle formulations could be used to crystallize membrane proteins 21, 22 (reviewed in ref. 23) . Bicelles are bilayer discs that form in certain lipid amphiphile mixtures [ Fig. 1(B) ]. Protein can be readily incorporated into the bicelles where they will experience a bilayer environment. 24, 25 A major advantage of the bicelle method is that the solution is easily pipetted so that standard crystallization methods can be used. The phase behavior of bicelle mixtures can be complex. [26] [27] [28] At higher temperatures, a perforated lamellar phase can form which may be an auspicious organization for crystal formation. 29 Indeed, it is thought that lamellar phase formation occurs during lipid cubic phase crystallization. 16 We successfully crystallized bacteriorhodopsin from a number of simple bicelle formulations 21, 22 and the method has now been used to determine the structures of three additional proteins, including one of the b2-adrenergic receptor structures. 12, 30, 31 An aspect of both the lipid cubic phase method and the bicelle method that has yet to be fully explored is the range of lipid formulations that could be used. For example, cholesterol was an important additive used for the adenosine receptor structure. The bicelle method could be particularly flexible in this regard. Perhaps E. coli lipid compositions could be used for E. coli proteins and mammalian lipid compositions used for mammalian proteins. Whether bicelles could be formed with these alternative formulations needs investigation.
A variety of soluble domain additions
Crystal contacts in membrane protein crystals are often formed largely by soluble domains, particularly when crystallized from detergent. Thus, an early idea for improving the crystallizability of membrane proteins was to add additional soluble domains. 32 A particularly effective, albeit difficult, way to do this is by developing monoclonal antibodies against the folded protein. 33 In addition to adding a stable soluble domain to the complex, the antibody can stabilize and lock the protein in a unique conformation. Michel and coworkers 33 first successfully used this approach to determine the structure of cytochrome c oxidase using a complex with an Fv fragment. Mackinnon's group then determined a high-resolution structure of the KcsA potassium channel using an Fab fragment, 34 which is easier to obtain than the Fv fragment, an approach used for a number of subsequent structures including the b2-adrenergic receptor. 12 While an ideal approach in principle, the effort required to obtain monoclonal antibodies is a major limitation. Methods to rapidly obtain antibodies using phage display approaches could greatly facilitate and broaden the use of the method. 35, 36 An additional concern is the possibility of locking the protein in a non-native conformation. Thus, Kobilka carefully selected an antibody that did not substantially alter antagonist binding for the crystallization of the b2-adrenergic receptor. 37 Another key approach developed in the Kobilka laboratory was the introduction of T4 lysozyme into a loop of b2-adrenergic receptor (see Fig. 2 ), 38 a method that was also used in the crystallization of the adenosine receptor. 14 Fusion of a crystallizable fusion protein has assisted the crystallization of a number of small soluble proteins. [39] [40] [41] A problem with the approach is that if the linkage between the two proteins is floppy, it can introduce additional flexibility which is deleterious to crystallization. A possible solution to this problem for membrane proteins is to insert the soluble domain between transmembrane loops, an idea first implemented by Prive et al. 32 This is the approach used by the Kobilka group. 38 They replaced the third intracellular loop on b2-adrenergic receptor with T4 lysozyme to diminish the conformational flexibility in the loop and also in an effort to reduce larger motions in the protein as a whole. With the success of the method on two GPCR structures, 11, 14 other similar attempts are sure to follow.
Stabilizing mutants
When stabilizing ligands or solution conditions are insufficient to produce a protein robust enough for crystallization, it may be possible to engineer the protein for increased stability. Indeed a number of GPCR structures utilized stabilizing mutations. 13, 42 The T4 lysozyme insertions discussed earlier improved the behavior of the receptors, but more subtle point mutants can also have a dramatic effect. We discovered that stabilizing mutations can be quite common in membrane proteins, making it possible to create highly stable variants. In characterizing a library of cysteine substitutions in diacylglycerol kinase, we were surprised to find that about 1 in 10 greatly improved stability to thermal inactivation. 43 We therefore screened a small library of random mutations and identified a collection of stabilizing mutations. 44 Four mutations could be combined to yield a superstable variant that increased the half-life in octylglucoside from 6 min at 55 C to 35 min at 80 C. The stable mutants were useful for determining the NMR structure of the enzyme (Sanders, personal communication). A stable, conformationally locked Cys mutant was also important for the first crystals of lac permease. 45, 46 A similar approach was taken by Tate and coworkers 47 to identify thermostable variants of the b1-adrenergic receptor. An impressive 318 positions were changed to alanine (or leucine if the wild-type residue was already alanine), expressed in E. coli and tested for thermal inactivation in detergent solution. E. coli expression was made possible by another technology development from Reinhardt Grisshammmer who showed that maltose binding protein fusions assist with GPCR expression. 48 Of the 318 substitutions, 17 improved stability. Additional substitutions were tested at all 17 of these positions to look for more stable variants and 5 positions yielded better substitutions. The single mutants were combined ultimately into an active receptor variant with dramatically improved stability containing six mutations. The engineered thermostable protein was used in structure determination. The positions of the stabilizing point mutations are shown on the structure in Figure 3 . The Tate group extended this work to the adenosine A 2a receptor, but in this case they have stabilized both the antagonist and agonist binding conformations. 49 The latter holds promise for obtaining crystals of the agonist bound form, which would finally provide detailed information on at least one of the major conformational changes that occur in GPCR signaling.
Not all targets are amenable to large scale activity screening so it would be useful to have stability screens that are not activity dependent and can be performed in crude extract. No techniques applicable to membrane proteins exist to our knowledge.
More rational protein engineering approaches
Another way to obviate the need to screen hundreds of mutants would be to develop more targeted approaches to stabilization. The structural information now available for GPCRs can facilitate designed stabilization of other members of the family.
The Oprian group has successfully engineered stabilizing disulfide bonds into rhodopsin and opsin, greatly improving stability without large alterations in their conformations. 50, 51 A disulfide crosslinked rhodopsin was sufficiently stable that the protein could be heterologously expressed and purified and yielded a crystal structure. 42 There is no reason a similar approach could not be used for other unstable GPCRs (and other proteins), to the extent that reasonable homology models can be built for disulfide design. A clear advantage of this strategy is that the protein can be conformationally locked, which should improve crystal formation. The Stevens group has utilized a more targeted mutant screen to stabilize the b2-adrenergic receptor. 52 They recognized that a glutamate residue in TM3 of the b2-adrenergic receptor, which projected into the interface of TM3 with TM4 and TM5, was most commonly a large hydrophobic in other family members. They therefore reasoned correctly that changing the Glu to a large hydrophobic might stabilize the protein. The concept of changing non-consensus residues to consensus residues has been successful in stabilizing soluble proteins 53 and should perhaps be tested more extensively for membrane proteins, given the success with the b2-adrenergic receptor. Recently, Baneres and coworkers 54 presented an entirely new way to engineer stability and conformational rigidity into a GPCR. In this work, a Zn 2þ binding site was introduced into the leukotriene receptor, BLT1, by the introduction of three histidine residues predicted to be close in space based on a homology model (see Fig. 4 ). The Zn 2þ binding site was placed so that it would bridge the likely flexible interface between TM3 and TM6. The engineered receptor bound Zn 2þ with 8 lM affinity. The presence of Zn 2þ dramatically stabilized the receptor and locked it in the ground state conformation. The potential of this technique for stabilizing GPCRs for crystallization and locking them in different functional conformations appears great.
Expression
High-level expression is an extremely important factor in structure determination. In this regard, the current GPCR structures did not make use of any particular innovations. Rhodopsin was obtained from a naturally abundant source and the rest were expressed using baculovirus systems. Many GPCRs, like other membrane proteins, are not easily expressed, however, so deeper penetration into the family will require developments in this area. 55 Although eukaryotic expression systems will continue to be utilized as they can provide a more natural milieu for GPCRs, E. coli seems particularly promising as many GPCRs can already be expressed in their active form in E. coli. 48, [56] [57] [58] [59] Expression of unmodified
GPCRs in E. coli is generally very low, so various modifications are often used. For example, Grishammer showed greatly improved expression of the neurotensin receptor by fusion to periplasmically expressed maltose binding protein. This approach was used by the Tate group in screening for GPCRs with improved stability. A mistic fusion was also found to help GPCR expression. 60 In an exciting development, the Pluckthun group found that point mutants within the GPCR itself can greatly improve expression and can simultaneously improve stability. 59 They developed a screen for functional expression of the neurotensin receptor-1 by using a tight-binding fluorescently labeled ligand so that E. coli cells expressing functional receptor could be selected by fluorescence activated cell sorting. They then used rounds of enrichment of randomly mutagenized receptors, retaining cells with the highest levels of fluorescence. Remarkably, the best sequence not only improved expression in E. coli 10-fold, but also improved expression 3-fold in mammalian cells. The evolved receptor also had improved stability in detergent. These results suggest that low expression may be at least partially a result of poor stability or folding. Consistent with this view, stabilized rhodopsin could also be heterologously expressed. 42 It remains to be seen whether this is a general phenomenon, however, and whether it translates to other membrane proteins. A great advantage of this technique is that functionality can be retained and optimized, albeit only the function selected for. For example, one residue in neurotensin receptor-1 had to be restored to maintain full signaling. 59 This should be a powerful approach for improving the properties of GPCRs and other membrane proteins, as long as a rapid screen can be developed. The E. coli host can also be engineered to improve expression of particular proteins. 57, 58, 61, 62 Recently, Georgiou and coworkers 57, 58 were able to improve expression of a canabanoid receptor by overexpression of a protease FtsH and by a Tn5 insertion into DnaJ. Perhaps additional engineering can yield further E. coli strains optimized for GPCR expression and folding. Another promising development is cell free expression, which can obviate such problems as Figure 4 . Stabilization of the leukotriene receptor, BLT1, using an engineered metal binding site. To restrain transmembrane helices 3 and 6 (light blue), Baneres and coworkers engineered a Zn 2þ binding site by introducing three His residues at positions predicted to be close in space. 54 One residue in TM3, Val119, and two residues in TM6, Arg218, and Thr219 were selected from the BLT1 model to mutate to histidine. The figure shows a model with the three side chains replaced with histidines for illustration only. It is not intended to be an accurate representation of the binding site as no energy optimization was performed. Baneres generously provided the BLT1 homology model coordinates used for this figure. An interactive view is available in the electronic version of the article.
mRNA degradation, toxicity of high-level protein production or proteolysis of the expressed protein.
There are now numerous demonstrations of high-level cell free expression of membrane proteins, including GPCRs, and refolding and reconstitution of activity for many. [63] [64] [65] A key question for structural studies is what fraction of the protein remains in an altered or inactive conformation and how much conformational impurity can be tolerated for crystallization trials.
There is now one case of a cell free expressed membrane protein, EmrE, that was sufficiently homogenous to yield diffraction quality crystals. 66 Techniques for efficient refolding could ultimately make this approach the method of choice for membrane protein production.
Conclusion
While many tricks have been developed to tackle difficult structural targets like GPCRs, membrane protein crystallography is still not a job for the faint of heart. There is no sure-fire, or even likely, road to success and few of the options are easy. Nevertheless, it is always nice to have validated choices. Continued method development must therefore be a priority. So far all the GPCR structures have been obtained by crystallography. Solution and solid state NMR is starting to make a significant dent, however, and it appears that GPCR-sized proteins may become accessible to these techniques. [67] [68] [69] For both crystallography and NMR, the key elements that can pave the way to a structure are high-level expression, protein stability, and conformational homogeneity. New methods that can attack these fundamental issues more reliably, more generally and with greater ease of implementation will continue to build the membrane protein structure revolution.
